A reproducible, experimental model of columnaris disease was developed to study the pathogenesis of cutaneous disease associated with Flavobacterium columnare infection in koi (Cyprinus carpio). In experimental infections, lesions were usually restricted to skin and fins; gill necrosis was not a consistent finding. Cytologic and histopathologic examinations provided a presumptive diagnosis of columnaris disease. Specific detection of F. columnare was done using the polymerase chain reaction and DNA in situ hybridization (ISH). Polymerase chain reaction allowed the detection of F. columnare in fresh biological material and in formalinfixed, paraffin-embedded tissues. The DNA ISH technique allowed the identification and localization of F. columnare in formalin-fixed, paraffin-embedded tissues. Using these molecular techniques, F. columnare was readily detected in skin specimens from infected fish; however, the bacterium was infrequently detected in specimens of liver, kidney, and spleen. These observations suggest that columnaris disease generally presents as a cutaneous disease that is unassociated with systemic infection in koi. Hematologic studies indicated that most infected koi developed microcytic, normochromic, nonregenerative anemia and leukopenia characterized by lymphopenia, mild neutrophilia, and monocytosis. Biochemical changes in diseased fish included significant hyperglycemia, hyponatremia, and hypochloridemia.
Introduction
Columnaris disease was first reported by Davis in 1922 , and it remains one of the most frequently encountered and devastating bacterial diseases of freshwater fishes. 6, 11, 15, 28 This disease is also commonly known as saddleback disease, cottonwool disease, cotton mouth disease, and fin rot. Columnaris disease has been reported worldwide in most species of freshwater fishes with rare infections reported in marine fishes. 19, 28 The etiologic agent of columnaris disease is a long, thin, gram-negative, gliding rod that has recently been reclassified as Flavobacterium columnare. 3 Strains of F. columnare vary in virulence, and infection of fish may be related to stressful events. Natural infections with F. columnare may occur frequently at water temperatures Ͼ20 C. Such disease outbreaks are associated with high mortality that may reach 100%. Columnaris disease has also been reported in coldwater fish at normal environmental temperatures ranging from 6 to 12 C. 28 The pathogenesis of columnaris disease is not well understood. Because of difficulty in reproducing the disease experimentally, previous studies usually relied on natural infections. In addition, most of these pathogenesis studies focused on gill lesions; skin infections were not examined in much detail. 10 This study was conducted to develop a reproducible model for the production of experimental columnaris disease in koi, to develop molecular techniques for specific detection of F. columnare, to characterize the development of cutaneous lesions, to assess the bacteriostatic effects of cutaneous mucus, and to evaluate hematologic and biochemical changes during disease.
Materials and methods
Fish. Two hundred clinically healthy koi (Cyprinus carpio), with a mean length of 12-18 cm and an average weight of 150 gm, were obtained from a commercial hatchery. a These fish were maintained in 10,000 gallon stocking tanks with a flow-through water system. The koi were randomly subdivided into smaller groups of 10-20 fish as needed. Each subgroup of 10-20 fish was housed in a 30-gallon glass aquarium with a flow-through water system equipped with a carbon filtration system. b The water temperature (24 C) was regulated using a central water heater. Chlorine and ammonia concentrations of the water were monitored daily using commercial test kits. c A photoperiod of 12 hr of light was provided, and the fish were fed a commercial feed d once daily. The fish were acclimatized for 2 wk before initiation of any experiments. In addition, the koi were observed twice daily for clinical signs of disease or mortality during the study period. Neither clinical signs of disease nor mortality were observed before the initiation of these experiments.
Bacterial propagation. Three strains of F. columnare, designated 12/99, 7, and AL-94, were obtained from another laboratory. e Based on preliminary infectivity studies in koi, strain 12/99 was the most virulent organism and was used for subsequent infectivity experiments. The stock F. columnare culture was plated on Shieh agar containing 1 g/ ml tobramycin and incubated at 25 C. Bacterial colonies were visible after 24-48 hr of incubation. A single colony was sampled to inoculate 5 ml of Shieh broth containing tobramycin. The inoculated broth was placed in a shaker incubator at 25 C and 200 rpm for 24 hr. This initial broth culture was used to inoculate an additional 500 ml of broth as described above. The final inoculum for infectivity studies was produced by centrifuging the bacterial culture at 800 ϫ g for 10 min, decanting the supernatant, resuspending the bacterial cell pellet, and diluting the bacteria to a final concentration of 10 6 to 10 7 cfu/ml with 0.3% saline. All experiments used a 24-hr, log-phase growth bacterial culture. For long-term storage of F. columnare, the bacterial cell pellet was reconstituted with fresh medium and the resulting bacterial culture was mixed with equal amounts of 10% sterile glycerol and frozen at Ϫ80 C. Bacterial recovery from the stock solution was facilitated by using a modified antibioticfree growth medium containing a higher concentration of nutrients (Starliper CE, Cooper RK: 2002, An examination of diversity of Flavobacterium psychrophilium isolates from different origins and a note on a medium used to recover isolates from long-term frozen storage. 27th Annu East Fish Health Workshop, Mount Pleasant, SC, . Experimental model of disease. Twenty clinically healthy koi were chosen at random and assigned to infected or control groups. The fish were anesthetized using tricaine methanesulfonate f at a concentration of 100-125 mg/liter in aerated water. Anesthetized fish were quickly laid on a flat surface. The right side of the fish was wiped gently with a Kimwipe containing a 10-fold dilution of detergent. g The fish in the infected group were immersed for 1 hr in a bacterial culture of F. columnare that was diluted to 10 6 to 10 7 cfu/ ml of inoculum with 0.3% saline (total volume of 2 gallons). The control group was immersed in aerated 0.3% saline containing a similar volume of sterile medium (placebo) for 1 hr. After exposure to the inoculum or placebo, the 2 groups were transferred to separate 30-gallon aquaria. The experiment was repeated 3 times on different groups of fish to determine the reproducibility of the model.
Evaluation of antibacterial properties of fish mucus. Mucus was gently scraped off the sides of healthy koi using a glass slide. The mucus was pooled in a small glass beaker, diluted 20-fold with deionized water, and filter sterilized through a 0.22-m vacuum filter unit. h This filter-sterilized mucus was collected in sterile 1.5-ml Eppendorf tubes, concentrated using a vacuum concentrator, i and stored at 4 C until further use. The antibacterial properties of mucus were subsequently evaluated by plate counts of viable bacterial colonies and by a stain-based viability assay.
Viable plate count method. Cultures of F. columnare strain 12/99 were prepared by inoculating fresh growth medium and incubating at 25 C for 24 hr. Ten-fold serial dilutions of log-phase growth bacterial cultures were made with sterile phosphate-buffered saline. Twenty microliters of concentrated mucus was added to 200 l of bacterial culture. Three 20-l drops of this mixture were plated on Shieh agar and incubated for 48 hr at 25 C. Bacterial colonies were counted on the agar plates after incubation.
Bacterial viability assay. Bacterial cultures were prepared as described above. Twenty microliters of concentrated mucus was mixed with 200 l of bacterial culture and incubated overnight at 25 C. The live/dead bacterial cell count was performed using a commercial bacterial viability kit j that contained 2 components: a 1.67-mM propidium iodide solution in dimethylsulfoxide and a 18.3-mM propidium iodide solution in dimethylsulfoxide. After 12 hr of incubation of a mixture of F. columnare culture and mucus, 1 l each of the components was added to 100 l of the bacterial-mucus culture. The mixture was allowed to stand in the dark for 10 min at room temperature and then observed under fluorescent microscope using a triple filter. k With this dye, live bacteria stained red and dead bacteria stained green when observed by fluorescence microscopy. The live-dead bacterial ratios were determined from digital images. l Cytology. Tissue imprint preparations were made from skin and gill lesions. These specimens were air-dried, stained with Wright-Leishman stain, and examined for presence of characteristic long, thin bacilli suggestive of F. columnare.
Necropsy and histopathology. Moribund fish were euthanized and necropsied. Specimens of skin (including both wiped and unwiped skin), skeletal muscle, fins, gill, liver, anterior kidney, spleen, heart, brain, and eyes were obtained for histologic examination. These tissues were preserved in 10% neutral buffered formalin solution, trimmed, and processed routinely. Paraffin-embedded tissues were sectioned at 3 m, stained with hematoxylin and eosin, and examined microscopically for presence of bacteria. Giemsa-stained sections were also examined for better observation of any bacteria.
Polymerase chain reaction. Initially, full-length F. columnare 16S ribosomal DNA was amplified using degenerate primers and F. columnare DNA as the template. The nucleic acid sequence of the forward primer was AGAGTTTGAT-CATGGCTCAG, whereas the sequence of the reverse primer was ACGGCTACCTTGTTACGACTT. After sequencing of the initial polymerase chain reaction (PCR) product, a specific primer set was designed to detect F. columnare. The sequences of the specific forward and reverse primers were CGATGGGTAGGGGTCCTGAG and GCTGCTGGCA-CGGAGTTAGC, respectively. The predicted amplicon was a 250-bp product that was amplified from a conserved region of the F. columnare genome. This PCR diagnostic assay was used to detect F. columnare in fresh, frozen, and paraffinembedded specimens of infected skin, kidney, spleen, and liver. Frozen tissues were held at Ϫ80 C until thawed and tested. DNA was extracted from these clinical specimens using a commercially available kit m and used in the PCR assay. Previous sequencing and BLAST searches indicated that the 250-bp amplicon was 100% homologous to the expected F. columnare genomic sequence.
DNA in situ hybridization. The F. columnare-specific PCR 250-bp product produced above was labeled using digoxigenin-tagged nucleotides and used as a probe for DNA in situ hybridization (ISH) using a standardized laboratory protocol. Briefly, the paraffin-embedded tissues were depar-affinized in 3 washes in limonene for 5 min each, followed by 2 washes in serial dilutions of ethanol (100%, 95%, and 70%) for 2 min each. Pepsin digestion (50 mg pepsin/20 ml of 1ϫ Automation buffer) was done to improve probe penetration of the tissue sections. DNA hybridization was performed after formamide treatment by incubating the tissue sections at 37 C for 1 hr in the probe solution. High stringency washes (3 washes in 0.5ϫ saline sodium citrate buffer (SSC) and 3 washes in 0.2ϫ SSC) were done after hybridization to remove nonspecifically bound probes. Foci of DNA hybridization were identified by affinity cytochemistry using an antidigoxigenin antibody conjugated to alkaline phosphatase (ALP). The chromagen was nitroblue tetrazolium dye solution. A positive reaction was recognized as deep blue deposits of formazan pigment at the sites of DNA hybridization. Positive control specimens included tissues from fish with documented F. columnare infection, as determined by microbiological culture and biochemical testing. Tissues from fish that were inoculated intramuscularly with Aeromonas sp., Pseudomonas sp., and Escherichia coli were used as negative control specimens. Hybridization solution with a nonspecific nucleotide was included as an additional negative control specimen to exclude nonspecific binding of the antidigoxigenin antibody.
Hematologic and biochemical changes during columnaris disease. Fifteen healthy acclimatized koi were randomly divided into an infected group (n ϭ 10) and a control group (n ϭ 5). The fish were anesthetized and blood specimens collected from the caudal vein for baseline hematology and biochemical determinations. For hematologic parameters, the blood was placed in lithium heparin anticoagulant. n Smears of heparinized blood were prepared for leukocyte differential counts, and the remaining blood specimens were refrigerated immediately. Manual complete blood counts were performed within 1-2 hr of blood collection. 26 The determinations included packed cell volume (PCV), total and differential leukocyte counts with the calculation of absolute leukocyte values, erythrocyte count with calculation of erythrocyte indices, and morphologic examination of leukocytes, erythrocytes, and thrombocytes. For biochemical parameters, blood was collected without anticoagulant, placed in sterile glass tubes, and allowed to clot for 15 min at room temperature. The serum was separated by centrifugation at 200 ϫ g for 10 min and analyzed as described previously. 27 After recovery from anesthesia, the fish were divided randomly into infected (n ϭ 10) and control groups (n ϭ 5). The fish in the infected and control groups were manipulated as described previously in the ''experimental model of disease'' section. After bacterial inoculation or immersion in the placebo, both groups were transferred to their respective aquaria. All fish were observed for cutaneous lesions or other signs of disease twice daily. When individuals in the infected group developed skin lesions, they were anesthetized and additional blood samples were collected for determination of hematologic and biochemical values. Similar blood specimens were obtained from the control group after 7-10 days. During the course of the experiment, any mortality was recorded and dead fish were necropsied as described above.
Statistical analysis of the data. Results for various hematologic and biochemical parameters were compared in the same group of fish before and after infection with F. columnare to minimize the effect of individual variations. Means of all parameters were analyzed and compared using a statistical software program. o To determine significant changes, the 2 sets of data were analyzed by 1-way analysis of variance (ANOVA), and comparisons between group means were made by t-test at a significance level of P ϭ 0.05. Similar comparisons were made in the uninfected control group (before and after immersion in placebo) to exclude the effects of handling.
Results
The experimental model of columnaris disease was reproducible and produced cutaneous lesions repeatedly in F. columnare-infected koi. In 3 separate trials, the mortality rate ranged from 80% to 100% in the infected group as compared with 0% to 20 % in the uninfected control groups. Initially, cotton wool-like bacterial growth was observed on the skin from the right side of the fish where the mucus had been removed with detergent, but the contralateral side of the fish remained normal (Figs. 1A, 2B). These fish also had clinical signs of disease, including lethargy, depression, and anorexia. Deep skin ulcers were ultimately observed in the koi from the infected group (Fig. 2 ). Neither clinical signs nor skin lesions were observed in the uninfected control groups.
The natural antibacterial properties of cutaneous mucus were demonstrated by 2 techniques. Using the viable plate count method, the average number of F. columnare colonies per agar plate was 7 in the culture that was incubated with mucus compared with 12 for F. columnare cultures without exposure to mucus. The stain-based bacterial viability assay also verified the antibacterial properties of cutaneous mucus. On florescent microscopy, the number of dead bacteria was higher in the F. columnare culture incubated with mucus compared with that of bacterial cultures without exposure to mucus. Precise quantitation of numbers of live and dead bacteria was difficult because of Brownian motion and location of organisms at different focal planes.
Wright-Leishman-stained cytologic imprints of cutaneous and gill lesions contained a homogeneous population of slender, elongate bacilli ( Fig. 3) . A nearly pure population of F. columnare was recovered from most of the skin and fin lesions and some necrotic gills after bacterial culture.
Histopathologic study indicated that experimental F. columnare infection in koi was primarily associated with skin and fin ulcers; gill necrosis was rarely observed. Large numbers of long thin bacilli, characteristic of F. columnare, were observed in the skin ulcers and attached to the exposed layers of the skin and dermis. Occasionally, the cutaneous ulcers extended to the deep dermis and underlying skeletal muscle. Necrosis of skin and muscle was accompanied by infiltrates of neutrophils ( Fig. 4 ). Bacteria usually were not observed associated with fin lesions and were probably lost during tissue processing. Neither bacilli nor microscopic lesions were observed in internal organs including liver, spleen, and anterior kidney.
The PCR amplified a 250-bp product (Fig. 5 ). Sequencing and BLAST search of the amplicon revealed 100% homology with F. columnare. Using the PCR assay, F. columnare nucleic acid was detected repeatedly in the skin of infected fish. However, most DNA extracts of the liver, kidney, and spleen specimens were negative for F. columnare (1 hepatic and 1 renal specimen were positive by PCR analysis, but were negative by ISH). The specific 250-bp replicon was observed only in a few renal and hepatic tissue specimens. DNA ISH also demonstrated the presence of F. columnare in most of the cutaneous lesions ( Fig. 6) . Reactivity was not observed in tissue sections of internal organs or sections of uninfected skin.
Values of hematologic parameters before and after infection with F. columnare are presented in Table 1 . Significant decreases were noticed in the PCV, hemoglobin concentration, red blood cell counts, mean corpuscular volume, and absolute lymphocyte counts. White blood cell (WBC) counts were decreased slight-ly but remained within reference intervals. Mild neutrophilia and monocytosis were observed.
Pre-and postinfection values of biochemical parameters are presented in Table 2 . Marked hyponatremia and hypochloridemia were observed. Only a minor decline was observed in calcium and magnesium concentrations. The increase in anion gap was minimal. Mild decreases were observed in total serum protein and albumin-like protein concentrations with no change in the A:G ratios. A significant hyperglycemia was observed after infection with F. columnare. Alkaline phosphatase (ALP), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), and creatine kinase (CK) activities were significantly increased. In contrast, changes observed in alanine aminotransferase (ALT) and sorbitol dehydrogenase (SDH) activities were insignificant. Significant changes were not observed in the uninfected control group (Tables 3, 4 ). Postinfection blood specimens could not be collected from 4 infected fish and were not included in the study. The presence of F. columnare is indicated by the deposition of insoluble, blue-black, formazan pigment. DNA in situ hybridization using digoxigenin 3Ј-end labeled oligonucleotide probes, alkaline phosphatase indicator system, nitroblue tetrazolium dye chromagen solution, and fast green FCF counterstain.
Discussion
Flavobacterium columnare-induced bacterial dermatitis in koi was studied using an experimental model of disease. This model was based on the assumption that the surface mucus layer is part of the innate host resistance of fish to disease and that its removal would promote the establishment of bacterial infection. A previous study demonstrated that Flexibacter columnaris infection was not transmitted in healthy Atlantic salmon with intact skin, but infection did occur after a breach in the skin surface. 17 In experimental F. columnare infection, cotton wool type bacterial colonies were attached to skin on the right side of infected fish where the mucus layer had been removed but these lesions were absent on the contralateral side. These initial lesions subsequently developed into extensive skin ulcers on the right side of the fish.
In these experiments, visible lesions were restricted primarily to the skin and fins; gill involvement was rare. This pattern of lesions may be explained because bacterial infection was established only on the skin and fins where the protective mucus layer was compromised and not on the gills where the mucus layer was undisturbed. A previous study of experimental columnaris disease in salmonids also demonstrated pri- Table 4 . Various biochemical parameters of a control group of koi. These fish were treated with placebo (0.3% saline) and were not exposed to Flavobacterium columnare. Significant changes are not present for any parameters evaluated. marily skin disease with inconsistent gill necrosis. 17 The duration of F. columnare infection was approximately 5-7 days until the fish died. In early investigations of columnaris disease, the condition was less severe and had lower mortality when transmitted experimentally. 6 However, gill necrosis is the major lesion in most natural outbreaks of columnaris disease, and death may occur before cutaneous lesions are evident. [6] [7] [8] In fish, the cutaneous mucus layer has a protective effect that resists the establishment of bacterial infection. The antibacterial properties of surface mucus in koi were demonstrated in 2 bacterial viability assays. The antibacterial properties of mucus have also been demonstrated previously in carp and other fishes. 12, 13 Two hydrophobic proteins (27 and 31 kDa) have been isolated from the mucus of carp. Both proteins had pore-forming activity that correlated well with strong antibacterial action against several gram-negative and gram-positive bacteria. 12 Ultrastructurally, a damaged mucus coat has also been observed in association with skin ulcers in trout with spontaneous F. columnare infection. 24 Most previous studies of the pathogenesis of columnaris disease have focused on gill infection, whereas the development of skin lesions has not received much attention. However, columnaris disease may have skin or gill presentations based on the adherence and virulence of a given strain of F. columnare as well as the site of damage to the protective mucus layer. Furthermore, tissue destruction is enhanced by bacterial protease production (Bader JA, Vinitnanthrat S, Klesius PH: 1999, An inducible protease in Flavobacterium columnare: a possible role in virulence? 24th Annu East Fish Health Workshop, Atlantic Beach, NC, [9] [10] [11] . 4, 18 Based on PCR and DNA ISH studies, experimental columnaris disease is restricted to the skin and fins with only infrequent gill involvement. Only a few specimens of kidney and liver were PCR positive for F. columnare nucleic acid. Because F. columnare is a ubiquitous bacterium, it is very difficult to avoid surface contamination when clinical or necropsy specimens are obtained for laboratory analysis. In a previous report of experimental infection of salmonids with F. columnare, the bacterium was cultured from kidney of infected fish. Significant histologic changes were not observed in the kidney other than deposits of proteinaceous fluid in Bowman's capsule. Similar glomerular deposits were observed in fish with and without saddleback lesions and the significance of this finding was unknown. 17, 21 Opportunistic bacteria were frequently cultured during the isolation of F. columnare from the internal organs, suggesting that rare systemic infection with F. columnare had occurred or that the tissue specimens were contaminated. 7, 17, 21 Other reports of F. columnare infection also have documented an absence of significant lesions in internal organs. 7, 17, 21 Polymerase chain reaction is a very reliable diagnostic technique for most infectious diseases and can readily amplify a few copies of bacterial DNA to detectable levels. Because F. columnare is ubiquitous and usually of very low pathogenicity, detecting a few bacteria in a lesion may not be diagnostic of clinical disease. In addition, PCR has more potential problems with sample contamination resulting in a false-positive test result. The PCR test-positive liver and kidney samples probably were contaminated during necropsy because it is very difficult to sterilize the skin surface (especially in scaled fish). Furthermore, DNA ISH failed to detect bacteria in these organs. DNA from live or dead bacteria can easily contaminate specimens during collection and give a positive PCR reaction.
Cytology is preferred for the presumptive diagnosis of F. columnare infection because this technique is rapid and economical. A relatively homogeneous population of long, thin bacilli was observed microscopically in wet mounts or in Wright-Leishman-stained preparations. Histopathology can also be used for tentative diagnosis of columnaris disease but is more labor intensive, expensive, and has a longer turnaround time. Bacteria are frequently observed on the surface of infected skin but not in the internal organs. However, organisms may be washed from the surface of some lesions during routine tissue processing.
Definitive diagnosis of columnaris disease is difficult because F. columnare does not grow in blood agar or other commonly used media. Its isolation requires special media supplemented with antibiotics to prevent the overgrowth of contaminating bacteria. 9 In these experiments, problems were also frequently encountered in retrieving the bacteria from frozen stock. A new, modified medium containing a higher concentration of nutrients and lacking antibiotics was helpful to retrieve the bacterium from frozen (Ϫ80 C) stock (Starliper CE, Cooper RK: 2002, An examination of diversity of Flavobacterium psychrophilium isolates from different origins and a note on a medium used to recover isolates from long-term frozen storage. 27th Annu East Fish Health Workshop, Mount Pleasant, SC, . Subsequently, the bacteria could be propagated in Shieh medium and used for infectivity studies. Pure culture of F. columnare is based on the presence of characteristic colony morphology on Shieh agar and of innumerable, long, thin bacilli on Romanowskystained (Wright, Leishman, and Giemsa stains singly or in combination) cytologic smears.
Traditionally, bacterial isolation, culture, and biochemical characterization have been used as the ''gold standard'' in the definitive identification of F. columnare. More recently, PCR analysis has been developed as an alternative method for specific identification of this bacterium by detection of its nucleic acid. This diagnostic test is based on amplification of the 16S ribosomal RNA gene using species-specific primers to detect F. columnare in culture and tissue samples. 2, 1, 25 Fluorescent antibody staining, using monoclonal antibodies, has been used to detect F. columnare infection in salmonids. 23 DNA ISH can also provide specific detection of F. columnare and has the advantage of being able to localize the bacterium in tissues and organs and only requires a standard light microscope. Foci of positive DNA ISH reactivity were observed in the skin of experimentally infected koi; however, the bacterium was not detected in the internal organs of infected fish or in the skin and internal organs from the uninfected controls. These observations also suggest that only cutaneous F. columnare infection was produced by this experimental model of columnaris disease.
The hematologic changes in F. columnare-infected koi included the development of a microcytic, normochromic, nonregenerative anemia. However, mild regeneration was observed in a few blood smears. In koi, microcytosis may reflect an impending regenerative response because erythrocyte precursors in fish are smaller in size than mature erythrocytes. 14 Environ-mental stress, such as increased population density, may also cause microcytic, normochromic anemia. 5, 14 The WBC count usually indicated a leukopenia characterized by lymphopenia, mild neutrophilia, and monocytosis. Hematologic changes were more pronounced in fish with extensive skin ulcers. Because lymphocytes are the predominant circulating leukocyte in koi, redistribution of these cells in response to stress or antigenic stimulation can promote leukopenia. 14, 16 In fish, leukopenia associated with lymphopenia and neutrophilia is a classical leukocyte response to stress, which is a similar response to that in mammals. 20 Exogenous or endogenous corticosteroid, produced in response to long-term disease, also may cause lymphopenia. 5 The exact mechanism of lymphopenia is not clear, but it may be similar to corticosteroid-induced redistribution of lymphocytes as occurs in mammals. 16 The mild neutrophilia and monocytosis probably occur in response to tissue demand for these cells as observed in histologic sections. Leukopenia with lymphopenia, neutrophilia, and occasional monocytosis is observed frequently with various infectious diseases of fish, including viral infections such as spring viremia of carp 22 and gram-negative bacterial infection with Aeromonas, Edwardsiella, and Pseudomonas spp. 14, 20 Biochemical testing indicated marked hyponatremia and hypochloridemia. Minimal decreases were observed in calcium and magnesium concentrations. Gill perfusion is increased in fish under stressful conditions and allows passive diffusion of sodium and chloride ions from the gills into the aquatic environment. In addition, more water also diffuses into the body of fish during stress and subsequently into the extracellular fluid. This process may further contribute to the severity of the hyponatremia and hypochloridemia. 14 Finally, the loss of sodium and chloride ions probably occurs through a disrupted skin barrier secondary to ulcerative dermatitis. Decreased total calcium and magnesium concentrations may be associated with hypoproteinemia because a considerable portion of these ions is bound to serum proteins. 14 Total serum protein and albumin-like protein concentrations were moderately decreased, but the A:G ratio was within the reference interval. This observation suggested that plasma protein was being lost through skin ulcers or that excess water was being absorbed by infected fish, resulting in slight hemodilution. Marked hyperglycemia usually is caused by a glycogenolytic effect of catecholamines in acute stress. Corticosteroids maintain this effect in long-term stress by stimulation of hepatic gluconeogenesis or by suppression of glycogen assimilation. 14 Freshwater fish have a hyperosmolar environment inside their body compared with that of the aquatic environment. Therefore, any damage to the skin barrier allows massive diffusion of water into the body of the fish, potentially resulting in disturbed osmotic regulation and electrolyte homeostasis. 14 ALP, AST, CK, and LDH activities were increased markedly, whereas ALT and SDH activities were relatively unaffected. Previous studies have shown that the increased activity of AST, CK, and LDH are associated with venipuncture, which is done through the musculature of the caudal peduncle. Sorbitol dehydrogenase and ALT appear to be present in low concentration in skeletal muscle and may be better indicators of hepatocellular damage. 27 These data generally indicate that there was no substantial damage to internal organs such as liver.
